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Abstract: We have studied the correlations among three y-ray energies . emitted by high-spin nuclear states. The correlation features (ridges and dip) in coincidence with two y-rays of a given energy are found to be the same, within our statistics, as those in coincidence with a single y ray of that energy. We believe this implies that the full y-ray spectrum is a mixture of some essentially undamped rotational cascades and some rather strongly damped ones.
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Collective rotational motion is very well established in nuclei--bands
exist that follow the 1(1+1) energy relationship within a few percent over ranges of 5pin as large as -40~, with intraband transition probabilities up to several hundred times that expected for non-collective motion. These are seen when the nuclei are cold with respect to other degrees of freedom. One of the questions that has very recently come under study has to do with what happens to the rotational motion when other degrees of freedom are present;
i.e., in "hot" nuclei--or using nomenclature in better context with other types of current nuclear studies, slightly "warm" nuclei. Evidence has been presented l-~ that the rotation persists but becomes mixed with the other degr~es of freedom (especially single-particle ones); that is, it is damped.
The damping of various types of nuclear motion plays an important role at high temperature in nuclei, but has been virtually impossib~e to study in detail because of the c~mplexity and the difficulty in controlling conditions. It appears that rotational motion, with its very characteristic decay pattern, offers a unique opportunity to study this process in the region where it \ initially sets in. In" addition, we can hope to learn something about the underlying rotational properties of such nuclei.
Warm nuclei (0.2 < T < 0.7 MeV) with high spins are produced following the evaporation of particles in heavy-ion fusion reactions. The subsequent y-ray decay initially follows so many pathways that the spectrum cannot be resolved. However, the rotational behavior can sti 11 be studied through the average y-ray properties. product is given, but there are two or three others (indicated by the "+") made in sizeable yi~ld. The data were taken on HERA, our array of 21
Compton-suppressed germanium detectors, each of which subtends 0.75% of 4~ and has a peak to total ratio of about 0.5 for the bOco y rays. Between 3 and 7
x 10 8 three-and higher-fold events ~ere take~ in each of the three cases.
These were sorted into a symmetri zed 250-channe 1 three-d imens i ona 1 matri x beginning at 200 keV with 8 keV per channel . This matrix was unfolded t6 correct for the response function of the germanium detectors and, in'additidn, statistical y rays, which are essentially uncorrelated, were subtracted using a spectral shape, E3. exp (-£ IT), normalized to the high-energy part of each y y spectrum. The temperature, 1, was obtained by fitting the high-energy part of the total projectio~ of the matrix. Thus single-and double-gated spectra from this matrix should not be influen~ed by either detector response or statistical y-rays.
Single-gated spectra were generated by taking the full projection of the two-d'imensional matrix (plane) in coincidence with a single (8 keV) channel of the third dimension .. A number of full projections of consecutive planes were sometimes added, but only after shifting their individual energy scales so that the gates we.re ali gned. Thus, features corre 1 ated wi th the gate were preserved wtthno loss of resolution, whereas those not correlated with the gate were smeared out. To generate the double-gated spectra, a second gate was required at the same ~nergy as the first gate. This second gate was 24 keV wide, and corresponded to a three-channel projection in a given plane, centered at the energy of the plane. These three-channel projections were also shifted (like the full projections) to align the gates and added over rather,,·broa'd energy regions, the lower limit of which was determined by the size of theresolved~line effects, and the upper limit by the absence of any significant structure: The double-gated spectra had effectively one 8 keV gate and one 24 keV gate. The wider '24 keV gate gave a factor of three better statistics and essentially no additional smearing detectable with our stati~tics.
The single-and double-gated spectra are normalized to the same number of counts and shown superposed in Fig. 1 for the three reaction systems.
A good rotational band has y-ray energies proportional to spin, and thus decays by a sequence of equally spaced y rays. The spectrum coincident with one of these wil I contain all the others, but have one missing at the position of the gating transition. A superposition of yrays from many good (undamped) rotational bands (that have different moments of inertia, alignments, etc.) wil I still have this property, where the area missing at the gate position corresponds to one transition, the wi~th of the missing area is 4 given by the average moment of inertia, and the coincident spectrum drops to zero in the gate region. Essentially all the experimental evidence for damping at present ;s that, whereas ,other data indicate that the higher-energy y rays (from the higher-spin states) are rotational, there is not one full transition ~issing at the gate position. Instead, the coincident spectra have only a small IIdip" at th'is' position, whose area varies from 30-40% of one trans~tiori at"y-ray energies somewhat less than 1 MeV (for our reactions), down to zerd above -1.5 MeV. A large damping width will wash out this (E -E Y Y correlation) d'ip, s'ince each rotational state will be able to emit anyone of a var'j ety of y-ray energi es instead of the usua 1 sing I e energy that generates the dip~
To learn more about ,the processes occurring, we place a second narrow gat~ at th~ position. of the first gate. In a superposition of y rays from good rotational bands, th~re would be no counts in the coincident spectrum" since the dip, after just one gate, would go to zero, leaving nothing to provide a second gate. Experimentally, however, the dip,is never large, so there are counts in this double-gated spectrum as shown in Fig. 1 . To understand what the damping will do to such a spectrum, we have written a computer code to simulate the iascade.
Only tile most general features of the simulation code will be discussed here; some additional information is avai lable in ref. te~perature, where the damping is supposed to set in, this type of rotational behavior ends and eve~y rotational transition energy is chosen at random from a gaussian distribution whose FWHM ("damping width" or f rot ) is a particular chbieh value. It is essential to realize that at low temperatures band properties are chosen·at random, but then the cascade typically stays in that band for several transitions (producing· the E -E correlations); whereas, at y y hi~h temperatures every rotational transition energy is chosen at random within an energy range determined by f rot .
Since the dips in Fig. 1 all have a FWHM around 100 keY, a first trial in the simu1ation is simply f rot = 100 keV for all temperatures. The average moment of ·inertia is taken to be 60 Mev-l , and the gates are always 8 keY wide and placed at 1.2 MeV. Fig. 2a shows the result of this calculation, which· can be easily understood. 80th dips have roughly the FWHM of f rot ' and areas of one and two transitions, respectively, for the single-and double-gated spectra. Also, the area of the calculated dips is too large. One can make the calcUlation somewhat more realistic by having good rotational behavior below an excitation energy of 2 MeV above the yrast line (T~0.3 MeV), and damped behavior above that, with f rot still equal to 100 keV, as shown in Fig. 2b . Some features are better here (e.g., the ridge structures beside the dip--due to the low-temperature undamped bands--and the steeper side walls 6 of the dip due.to the innermost ridges whose separation is determined by the moment of inertia), but the factor of two difference in area between the single-and double~gated spectra is unchanged, as is the dip area, in striking disagreement with the data. Since there must be one and two transitions missing in the single-and double-gated spectra, respectively, the only solution W~ have found is to make the main damping width very large, so that the associated dip pecomes quite wide and therefore difficult to see.
Changing f rot from 100 to 300keV gives the spectra in Fig. 2c , which now begin to look very much like the data, both in the absolute and relative areas of the dips. The broad dip corresponding to the 300 keVf rot can hardly be.
seen in these spectra, and the apparent dips come from the undamped cascades below T=0.3 MeV .. To understand th~s result, one shoul~ remember that one gate on an undamped y ray excludes the second gate (at the same ener~y) catching, an undamped, yray (the dip in undamped cascades goes all, the way to zero).
Thus, the second gating y, r~y must come from the broad damped distri.bution, which does not affect the dip very much. One could adjust a number ~f additional parameters in order to make detailed fits to the experimental data, but that will not be pursued here.
These data indicate the overall behavior rather clearly: an observed dip that is (nearly) undamped, together with a broad (-300 keV) damping width at higher temperatures'. This type of .behavior was previously suggested based on the temperature dependence of the dip area 4 and on the detailed shape of the
However, the present three-fold correlation data are by far the most direct indication of it. Nevertheless, this analysis represents ~nly the first step in extracting information from three-(and higher-) fold data, Fi g. 1
